Background: The utility of standard distal bipolar electrograms (sEGMs) for assess-
| INTRODUCTION
Tissue-electrode contact is a critical determinant of lesion formation and efficacy during radiofrequency ablation. 1, 2 In the absence of available methods to directly assess in vivo tissue temperature and lesion formation during ablation, several surrogates of catheter contact are used clinically including assessment of local electrogram (EGM) characteristics, electrode tip temperature monitoring, impedance changes during ablation, visualization of the ablation catheter on fluoroscopy or intracardiac echocardiography (ICE), and more recently, contact force sensing. However, each of these surrogates has limitations and the inability to confirm catheter contact remains an important source of suboptimal ablation outcomes.
One of the limitations of EGM characteristics for assessing con- catheter and microelectrode EGMs (mEGM) and has suggested a correlation between mEGM amplitude differential and contact force. 3, 4 However, characteristics of mEGM signals which best correlate with tissue-electrode contact and the sensitivity of mEGM signals for determining contact have not been well characterized.
In this study, we analyzed characteristics of mEGM signals and compared them to sEGMs and ICE for determining catheter contact in a cohort of patients undergoing atrial flutter ablation.
| ME TH ODS
The cohort for this analysis included patients undergoing ablation of cavotricuspid isthmus (CTI)-dependent atrial flutter. The decision to perform ablation, along with procedural details including anticoagulation management and sedation, was at the discretion of the treating physician. Two patients were enrolled in the trial but were found to have noncavotricuspid isthmus-dependent flutter during electrophysiologic study and were excluded from the analysis, resulting in a final study cohort of 20 patients.
| Compliance with ethical standards
The authors report no relevant conflict of interests. This work was supported by an investigator-initiated grant from Boston Scientific Corporation (Natick, MA, USA). This study was approved by the Emory University Institutional Review Board. All subjects provided informed consent for study participation.
| Study procedure
After confirming the diagnosis of CTI-dependent atrial flutter, an ICE catheter (ViewFlex Xtra Simultaneous 5-second ICE videos and EGM recordings were taken at each of the 5 sites, at each of 3 levels of contact. After all fifteen location/contact permutations were completed, or omitted due to technical or navigational limitations, ablation of the CTI was performed using the MiFi catheter with standard technique. ICE recordings were assessed for video quality, and those considered of good or average clarity were used for assessment of contact level.
Data points corresponding to videos of insufficient quality were omitted from the dataset.
| Evaluation of electrograms
The electrograms (sEGMs and mEGMs) from each of the 5 sites at 3 levels of catheter contact were analyzed offline in a blinded fashion by two board-certified electrophysiologists. Five mEGM characteristics were analyzed independently using a subjective 3-point scale for assessing contact level ( Figure 2 ):
1. Electrogram amplitude: high, moderate, negligible.
2.
Frequency content: high, moderate, negligible. Frequency content was defined as the number of discrete deflections present within the electrogram, with full contact defined as 3 or more discrete deflections, intermittent contact representing less than 3 discrete F I G U R E 2 Examples of each of the 5 microelectrode electrogram characteristics at each of the 3 levels of tissue contact. For amplitude differential, catheter contact is judged to be good when the electrogram amplitude on 2 bipoles is significantly larger than the amplitude on the third bipole, suggesting that one microelectrode on the opposite side of the catheter from the tissue interface is not in contact. The reference bar depicts 0.5 millivolts (mV) of amplitude deflections, and no contact defined as no discrete deflections (ie, continuous wave). 
| Statistical analysis
To examine the agreement between mEGM characteristics and ICEverified tissue-catheter contact, we assessed overall agreement (ie, percent concordance between predicted contact levels). In addition, we measured correlations using gamma, which is a symmetrical measure of association for ordinal variables. The estimation of gamma was obtained by number of concordances (Nc) and number of discordances (Nd), with gamma = (Nc -Nd)/(Nc + Nd). 5 To test whether gamma was significantly different from 0, the Z test by Fisher's transformation was used. For interobserver reliability, we reported overall agreement (percent concordance) and Cohen's kappa coefficient (j), where 1 indicates perfect agreement and <0
indicates no agreement. 6 P-values ≤ .05 were considered statistically significant. All analyses were performed using SAS 9.4, Cary, NC, USA.
| RESULTS
Twenty patients undergoing clinically indicated ablation of CTIdependent atrial flutter were included in this analysis. Baseline characteristics are presented in Table 1 . Mean age at the time of ablation was 64.7 AE 8.9 years, 80% were male, and 35% had a concomitant history of atrial fibrillation. Interrater agreement is determined using the percent concordance between blinded reviewers. Kappa is a measure of interrater reliability: +1 = perfect agreement, <0 = less than chance agreement. mEGM, microelectrode electrogram; sEGM, standard bipolar electrogram.
Of a possible 300 sets of EGM and ICE data points (20 patients 9 5 locations in the RA per patient 9 3 levels of contact at each location), 17% of data points were felt to be not analyzable due to inadequate ICE image quality to assess catheter contact level or technical/navigational limitations which prevented collection of adequate EGMs at a particular site. This resulted in a total of 244 sets of EGM and ICE images which were included in the final analysis.
Interobserver agreement between the blinded reviewers for determining contact level based on electrogram characteristics is presented in Table 2 . Concordance between reviewers was highest for mEGM amplitude (0.76), whereas concordance was lowest for the amplitude differential between mEGM bipoles with a kappa statistic less than 0, suggesting no better than chance agreement.
Concordance levels showed moderate agreement between reviewers for mEGM frequency contact, temporal signal variability, and presence of injury current. Interobserver concordance for determining contact level when assessing the standard distal bipolar electrogram was also relatively good (0.72). The interobserver reproducibility for the sEGM was not quite as good as the mEGM amplitude, but better than other mEGM characteristics.
The level of concordance between mEGM characteristics to assess tissue contact and ICE-verified contact level is presented in Table 3 sensitivity and specificity. 7 Similar modest correlation between traditional sEGM characteristics and contact has also been demonstrated in the right atrium along the cavotricuspid isthmus. 8, 9 In part, the limitations of bipolar sEGMs for assessing contact may be a function of alterations in the orientation of the catheter (perpendicular vs parallel), which may significantly impact sEGM characteristics without necessarily reflecting changes in tissue contact. 10 Additionally, the standard bipolar EGM represents a wider "antennae" and therefore incorporates elements of both near-field and far-field signals, which may partially obscure the utility of EGMs for predicting tissue contact. 11 The use of tightly coupled microelectrode bipoles may overcome some of these limitations by minimizing the impact of farfield signals and reducing the impact of changes in catheter orientation on the ultra-near-field signals.
Our data demonstrate that mEGM frequency content, amplitude, and presence of injury current are significantly better correlated with contact level than qualitative sEGM assessment. Prior studies have demonstrated that mEGM characteristics correlate more closely than sEGMs for assessing lesion formation and efficacy of ablation in both canine models 3 and in human studies of CTI ablation. 11 In contrast to these prior studies, we chose to focus on assessment of mEGM characteristics to predict tissue contact at baseline (ie, preablation) rather than assessing changes in mEGMs during or after ablation. Determination of contact level prior to onset of ablation may help minimize complications such as steam pops and perforation 4, 12 and may also optimize ablation efficacy by minimizing obscuration of local electrograms by ineffective ablation lesions delivered with inadequate contact.
We used ICE as the gold standard for determining tissue contact.
Intracardiac echocardiography determined contact level has demonstrated excellent correlation with both histologic lesion formation 13 and with assessments of contact force. 14 However, the relationship between CF measurement and ablation outcomes is also complex, and recent randomized data suggest that CF-guided ablation may not necessarily improve ablation efficacy. 17 In all likelihood, optimizing catheter contact, lesion formation, and clinical outcomes will likely require a combination of all available tools including electrogram assessment, impedance and tip temperature monitoring, visualization of the catheter, and CF measurement.
| Limitations
We used semi-quantitative assessments of sEGM and mEGM characteristics, rather than determining specific thresholds (eg, amplitude cut F I G U R E 3 Simultaneous demonstration of electrograms from the standard distal bipole (sEGM) and microelectrodes (mEGM) with good contact (panel A) and poor contact (panel B). In both examples, the mEGMs provide an enhanced assessment of the near-field characteristics. In panel A, the mEGMs (in particular MiFi 2-3 and 3-1) demonstrate greater frequency content as evidenced by electrograms with multiple discrete deflections, higher EGM amplitude than the distal bipole and the presence of amplitude differential between adjacent bipoles (MiFi 2-3 and 3-1 showing greater amplitude than MiFi 1-2). In contrast, in panel B, although atrial electrograms can be discerned on the sEGM, the mEGMs show very little near-field activity and do not demonstrate any of the characteristics of good contact points) for predicting contact level. However, in clinical practice, EGMs are typically assessed in real-time using subjective metrics rather than quantitative measures, and therefore, we used similar criteria for evaluating mEGMs. Additionally, we used ICE as the reference standard for assessing the performance of mEGMs and sEGMs. Although ICE is known to be an imperfect correlate of tissue contact, in human studies where histologic assessment of lesion formation is not feasible, ICE remains a valuable tool for gauging the utility of novel tools such as mEGMs in determining catheter contact. Lastly, we do not have systematic data available on catheter orientation (perpendicular vs parallel) with regard to the electrode-tissue interface and therefore are unable to comment on the incremental utility of mEGMs vs sEGMs with different catheter orientations.
| CONCLUSIONS
The use of microelectrode EGMs can improve real-time assessment of catheter contact compared to the use of standard bipolar EGMs.
In particular, mEGM frequency content, amplitude, and presence of injury current all demonstrated better correlation with ICE-verified contact level than sEGMs. Broader use of mEGMs may enhance ablation efficacy.
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